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Abstract
Applications of concrete are so common, while possibilities to shape – so unusual that it's hard to imagine a civilization in its 
present form, without its participation. It seems to be particularly invaluable in infrastructure projects. However, recently, in 
these applications, where it is directly exposed and interacts with the landscape, visual perception of concrete is changing and it 
is now increasingly being considered as a material brutal and uncouth in its technological sincerity.Opportunity to work out a
new paradigm of practice for designing sustainable infrastructure is offered by technology based on biological methods. The 
process of artificial biocalcification of sand through ureolysis, otherwise called biocementation can be performed with use of 
some microorganisms such as, for example Sporosarcina pasteurii (former Bacillus pasteurii). Its result is reminiscent of natural 
sandstone rock. Very interesting opportunities open up for designers in shaping the spatial forms using this technology. In a
natural way, it is possible to obtain structures resembling naturally occurring rocks, called tafoni. Their complex geometry causes 
that their construction of concrete by means of traditionally used techniques, would be either impossible or very expensive. It is 
also possible to apply biological cementation for surface hardening of large areas, e.g. the surface of the shifting sand dunes, to 
protect against movement. Inherent advantages associated with the concrete, combined with material formed in a biological 
process for forming complex spatial forms can be a significant factor in the humanization of the inhabited environment.
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1. Introduction
Known in ancient times, then forgotten and rediscovered in the nineteenth century material – concrete, has now 
become the most widely used building material. Every inhabitant of our planet “consumes” annually forty times 
weight of his own body in concrete on an average. It became necessary in the construction of almost all types of 
buildings and infrastructure objects. At the same time, the production of this wonderful material is burdensome for 
the environment, being responsible up to 5% of the total carbon dioxide emissions by Man.
Widespread presence of concrete caused the same time that – especially in situations where it is directly exposed 
and interacts with the landscape – its visual perception is changing and it is now increasingly being considered as a 
material brutal and uncouth in its technological sincerity. Undoubtedly, to that situation contributes the common 
design manner, often resulting from the pursuit of savings, which favors simple forms and operates with planar 
surfaces. These forms are somehow in conflict with the natural landscape, which is inherently organic and fractal.
Searching for directions of future changes in the shaping of objects that require the use of bulk materials, must 
take into account the two above-mentioned aspects: reducing the environmental footprint and ease of obtaining 
forms strongly referring to nature.
2. The prototypes of “organic” structural forms
The structural forms commonly referred to as “organic” must be designed as a whole, without separation of 
structural system design and architectural “rest” [1]. A wonderful example of this unity is Taichung Opera building 
in Taiwan, by Toyo Ito. In this building walls turn smoothly into floors and there is no clear distinction between 
them. Structural system is design as a set of catenoids stretched on cuboidal net of vertices [2].
In the architectural design of such forms, two sources of inspiration are used: natural and geometric, or rather 
topological. Both are related to the evaluation of the structural properties of achieved forms. In the forms inspired by 
the natural sources it is possible to direct conclude about the structural properties on the basis of observation of the 
analyzed objects. In the case of geometrical forms there are the tools that allow assessing and prediction of their 
properties.
2.1. Natural prototypes of structural forms
There are many natural objects that reveal various forms of internal spongy structure. Most important from the 
structural point of view are those that can be used as natural prototypes of structural forms. Selected objects from 
this group are shown below. 
The human bone contains osseous tissue which can be regarded as an example of non-uniform floral polyhedra, 
Figure 1(a). The internal structure of elephant skull, Figure 1(b), is composed of curved surfaces, which seems to be 
a set of multiplied catenoids, close to those applied in the Taichung Opera. Holes in the coral branch are shaped 
a b
Fig. 1. Organic structural forms of bone tissue:(a) osseous tissue of human bone; (b) internal structure of elephant skull.
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Fig. 2. Organic structural forms in solidified biological formations:(a) coral branch; (b) “desert rose”.
similarly to some triply periodic minimal surfaces, Figure 2(a). Also the rosette formations of the minerals gypsum 
and barite, called “desert rose”, from the topological point of view is a set of two-dimensional planes, subdividing 
three-dimensional space, Figure 2(b). All of these objects confirm the structural efficiency and multiplicity of uses 
to which spongy forms can be used [1].
Excellent prototype of forms for infrastructure facilities may be natural rock formations called tafoni. These are 
niches in the rock wall or on the surface of the rock block, caused by weathering, often increasing in size towards 
deep into the rock. They occur most often in the sandstone and granite. Tafoni which occur in semi-dry and dry area 
often reach a considerable size – up to several meters. These spectacular formations consist of complexes of cavities 
which complex geometry reminds geometric polyhedral labirynths. Their visual perception is very positive and 
takes place on two levels: aesthetic and structural. On the aesthetic level it is seen as a natural object, with soft, 
curved surfaces. Structurally, it makes the impression of the rigid structure of a “honeycomb” arrangement.
2.2. Structures based on geometrical “spongy forms”
Geometrical basis for organic forms is provided by the theory of polyhedra, especially saddle polyhedra. The first 
mathematical attempt to these structures was done in 1890 by H.A. Schwartz. He developed theory of “triply 
periodic minimal surfaces”. The next step was made by H.S.M. Coxeter in thirties last century, who discovered 
infinite regular polyhedra, and then by A.H. Schoen and M. Burt in sixties – who worked over saddle polyhedra and 
infinite saddle polyhedra. Such polyhedral compounds are called “sponges” or “labyrinths”.
Another inspiration comes from non-RULHQWDEOHFORVHGVXUIDFHVZLWK(XOHU FKDUDFWHULVWLF Ȥ )URP WKH ODUJH
family of geometrical realizations of this abstract (topological) object immersed in 3R , one can focus his attention 
Fig. 3. Tafoni formation in sandstone at Pebble Beach in San Mateo County, California, USA [17].
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on the original geometric construction called Klein bottle [6]. Further continuation of this idea leads to the real 
projective plane. This is a large group of objects, such as Steiner’s roman surface or Boy’s surface, which are 
characterized by a variety of forms that can be used in shaping architectural forms.In this paper, non-orientable 
closed surfaces will be omitted, as they seem to be more appropriate more for shaping the buildings than 
infrastructural objects.
2.2.1. Triply periodic minimal surfaces
A minimal surface is a surface that is locally area-minimizing, that is, a small piece has the smallest possible area 
for a surface spanning the boundary of that piece. Minimal surfaces have good representation by soap films. They 
have zero mean curvature, i.e. the sum of the principal curvatures at each point is zero. If the unit minimal surfaces 
repeat themselves in three-dimensional space, they are called triply periodic [5]. A simple, but beautiful example is 
Schwarz’ P surface, Figure4(a). The structure presented below is composed of four unit cells. These cells are 
inscribed in the cube, and the fundamental region is a tetrahedron which is 1/48 of a cube. Another beautiful 
example is Neovius’ surface, Figure4(b) [5].
2.2.2. Infinite saddle polyhedra
Sponges can be represented as structures in which the polyhedra are located on the nodes of a grid in such a way 
that they have common edges. System of saddle surfaces connected with a single polyhedron creates a single 
repeating frame, Figure 5(a), whose multiplication generates a sponge, Figure 5(b). The edges of the frames pass 
through the tunnels of labyrinth [1,7].
2.2.3. Structural properties of spongy forms
Structural properties of spongy forms i.e. forms based on infinite saddle polyhedra comes from their connection 
with minimal surfaces. Rigidity of double curved surfaces spanned on non-trivial contour (contour which cannot be 
immersed in a planar surface in 2R ) is related to their Gaussian curvature. It applies also to stress distribution. For 
any closed edge curve there is at least one stable minimal surface. However, there can exist more of these surfaces, 
provided that they satisfy the Euler-Lagrange equation. Their shape is inter alia result of the external conditions of 
the medium in which they are located (e.g. loads) and state of stress in them. In the Nature it enables a self-
optimization of structures by maintaining a constant state of stress on the surface of a biological component. In the 
case of engineering structures, constant stress condition cannot be fulfilled for all possible load cases. Thus, 
structural shaping of such structures becomes interaction of architectural and optimization factors.
a b
Fig. 4. Examples of triply periodic surfaces: (a) Schwarz' P Surface (b) Neovius’ surface.
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Fig. 5. Spongy structures: (a) single, repeating frame of sponge (b) infinite structure based on polyhedral net.
A systematic description of a large number of topological objects that may occur in space, and their expected 
properties and then application to the creation of structural forms, became possible by their systematization in the 
periodic table, similar to Mendeleev table used in the chemistry. This systematization was proposed by Michael Burt 
in [7]. It is based on statistical characteristics, such as average valency, average sum of angles and genus. These 
simple characteristics combined with general relations, first of all – Euler’s formula, allows not only description of 
the “polyhedral world” in the currently known extents, but also prediction of new forms, that are of importance for 
structural shaping.
2.2.4. Technical determinants of realizing organic architectural forms from reinforced concrete elements
Designing of organic forms is nowadays facilitated by computer-aided tools.However it still poses new 
challenges for structural engineers. It concerns not only selection of structural system proper to the architectural 
form but also construction methods used on building site. Complex surface of changeable curvature requires 
elaborated formworks. The challenge is how to make the various curved formwork with absolute precision. To 
achieve that, digitized data and computer models prepared by designer are sent off to formwork specialists who 
produce each section, not infrequently wit use of CNC machines. It is time-consuming and costly.
A very interesting and viable solution with great potential for future is to use textile membrane elements, in 
which reinforced concrete structure is made. This type of construction is well known and used for fifty years for 
covers of objects both small and huge. The use of relatively simple in preparation textile forms allows constructing 
concrete structures that would be very difficult to construct in other technology.Loading of membrane structure by 
layer of concrete is a challenge anyway, since this load is much larger than the other loads, usually included in a 
design of this type of structure. Excessive deflection of the membrane can result in “ponding” effect, resulting in a
local accumulation of concrete. This can be prevented by adjusting the initial pre-tension of the membrane. Another 
problem is the sliding of the concrete on surface of the membrane, in the case of large surface inclination.Further 
fields of application of this technology can be found in modularization of organic “spongy” structures. 
Prefabrication principles applied in combination with fabric formworks may enable significant progress in 
construction of these structures, which contain a number of double curved unit elements.
3. Biocalcification as a sustainable construction technology
Opportunity to work out a new paradigm of practice for designing sustainable infrastructure is offered by 
technology based on biological methods. Studies carried out in recent years, have shown that the due to use of 
certain microorganisms, it is possible to eliminate the cement in the manufacturing process of artificial stone. During 
this process does are not produced greenhouse gases. No thermal energy is consumed, as in the case of cement 
production. Harmful footprint on the environment is minimized. Current researches on this process include not only 
the production of new material, but also strengthening the soil and repairing (“self-healing”) of cracked concrete. 
The results obtained are very promising.
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Fig. 6. An electron micrograph of calcite crystals on grains of sand, formed by a biological process. Photo: Deltares [9].
3.1. Basic principles of biocalcification
Some microorganisms such as, for example Sporosarcina pasteurii (former Bacillus pasteurii) are capable of 
solidifying the sand in an environment containing calcium and urea. These bacteria are quite common – they can be 
extracted from the soil all over the world. Their special feature allows to performing artificial biocalcification of 
sand through ureolysis, otherwise the process is called biocementation. In that process, the urea is converted into 
ammonia and carbon dioxide. The latter one forms carbonate ions in the presence of water, which precipitate 
together with the calcium as calcite crystals [9]. These crystals bond the grains of sand together, thus producing 
artificial stone. Results of the process are reminiscent of natural sandstone rock. The initial reaction takes place 
within twenty-four hours, and after a week artificial stone reaches full strength properties.
3.2. Possible applications of the biocalcification process in the development of infrastructure facilities
An extensive research have been conducted on the use of the process of bacteria caused hardening sand in the 
soils, in order to enhance their strength and thus improve the structural performance of the ground [9, 10]. It is 
anticipated that this will also reduce the impact of earthquakes on buildings and technical infrastructure [10]. 
Specific requirements of bacteria allow the use of urban sewage water to the soil strengthening process. This 
technology, called BioGrout, is currently developed in Netherlands [9].
Ann attempt to produce the most basic construction element, brick, which is not fired, but created in a five-day 
bacteria propelled process, is a core of the bioMASON technology, developed in North Carolina [11]. Similar 
research has been conducted also at the American University of Sharjah (UAE) [12].
Experiments were carried out to in oreder to repair cracked surface of concrete structures by means of injection 
of bacteria with the addition of urea. They showed that it is possible to obtain very good result – cracks were almost 
eliminated [13, 14].
One of the most imaginative ideas to use biocalcification is the concept presented by Magnus Larsson [15]. He 
proposes to solidificationofthe entire large areas of shifting sand dunes in desert areas. This would protect inhabited 
areas from beeing buried by sand. At the same time, hardened structure with high thickness, would create the 
possibility of using the internal space, as residential buildings with excellent microclimate. This project, of course, 
raises many doubts about the feasibility of solidification in such great volume of sand. The author proposes a deep 
injection of a mixture of bacteria with urea. It is difficult, however, to accurately control the process at a depth of 
many feet below the surface. Future experiments will probably verify the usefulness of this concept in practice.
Very interesting opportunities open up for designers in shaping the spatial forms using this technology. In a 
natural way, it is possible to obtain complex structures resembling naturally occurring tafoni, mentioned above. 
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Fig. 7. Erwin Hauer's screen walls [16].
Their complex geometry causes that their construction of concrete either by means of traditionally used techniques 
or with use of membrane formwork, would be either impossible or very expensive.
The area of possible applications of the technology are, for example retaining walls, frequently occurring both in 
the road infrastructure and housing development. The concrete screen walls designed and realized by sculptorErwin 
Hauer, although made in traditional formwork technology, visualize how might look like such structures made by 
means of biocalcificationprocess.
4. Conclusion
The emerging technology of biocalcification is an interesting alternative to traditional methods of constructing 
massive structures. Combination of inherent advantages associated with the concrete, using a material formed in a 
biological process for forming complex spatial forms can be a significant factor in the humanization of the inhabited 
environment.
Structures well fulfilling their functions do not have to be at the same time aggressive towards landscape. There 
is no reason, beyond certain inertia in thinking of designers and investors to design only simplified forms. 
Regularity is often a kind of alibi, enabling the avoidance of analyzing more complex forms.
Presented in the first part of this paper organic forms are now readily used in the design of large objects. Their 
implementation by means of the traditional technology poses however many difficulties. Dissemination o microbial 
methods, especially biocalcification, can bring not only tangible technical results, but also cause that the resulting 
objects will be more holistic.
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